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MEASUREMENT O F  PLASMA FLOW R A T E  
W I T H  A H E A D  P R E S S U R E  P I P E  

A . A .  Voropayevt ,  S . V .  Dr s v i n ?  and  
V , S .  K l u b n i k i n  ? 

ABSTRACT: 
% r a t e  w i t h  a head pressure pipe is examined, as  

we22 a s  a method o f  measuring s e a t i c  p res sures  
An MK-5 capaci tor  microphone is used t o  record 

n Ehe pressure v a r i a t i o n s .  The measurements oan 
' be made i n  s ta t ionary  and nonstat ionary modes, 

There is an anaZysis o f  t h e . e f f e c t  of var ious  
f a c t o r s  on t h e  aocuraoy o f  measurement o f  t h e  
pZasma f Z b w  r a t e  l v i s c o s i t y  a t  Zow ReynoZds 
numbers, pressure  gradient  e f f e c t  on t h e  d i s -  + 

pZacement o f  t he  e f f e c t i v e  oenter  o f  t he  pipe, 
turbutence ,  r a t e  of movement of t he  sensor 
through the pZasma f t o w ) ,  RadiaZ d i s t r i b u -  
tions of t h e  pressure head.are introduced,  oopa- 
ducted i n  an arc w i t h  a ohannet diameter of 20 
mm a t  a ourrent  of 160 A .  PoasibZs sBatsmatiep 
e r rors  a r e  d i scussed .  

A method o f  measuring p Zasma f low  

I 

1 6 3 :  Use of a head pressure pipe is the most widespread of the - 
existing methods for measuring the flow rate of a. gas Cl, 23. It 
has recently been used far measuring plasma flow plate in open 
streams and stabilized arcs. Water-cooled head pressure pipes lo- 
cated in a certain region of the,plasma flow C3-63 andPuncsoPed 
pipes, drawn rapidly through the plasma [7-91 have been used. The 
nonstationary method of pressure recording makes it p'ossible to a- 
chieve a consiqerable reduction in the geometrical dimensions of 
the head pressure pipe and to reduce the area of interference with 
the plasma flow to a minimum. In additlion, the rapid movement of 
the sensor in the plasma flow makes it possible to IperfoJrm measure- 
ments in streams with high thermal fluxes; this is impossible when 
using water-cooled pipes, j 

The present paper discusses a meth6d of mea9uring the pressure 
head, the static pressure and t h e  plasma flow r a t e J  aqalyzfng the 
possible systematic errors related to stationary and wonstatfonary 
methods of'pressure recording. The measurements were performed in 
a high-frequency induction discharge, in a stabilized arc and in 
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t h e  s t r e a m  o f  a p l a s m a t r o n .  The power i n t r o d u c e d  i n t o  t h e  p l a sma  
v a r i e d  f rom 2 t o  1 0  kV. ,Thd a r g o n  f l o w  w a s  3 t o  44 Z/min. The 
p r e s s u r e  was r e c o r d e d  by a s t a t i o n a r y  method (micromanometer  w i t h , a n  . 
i n c l i n e d  t u b e  and w a t e r - c o o l e d  h e a d  p r e s s u r e  p i p e  and  by  a n o n s t a -  
t i o n a r y  method ( c a p a c i t o r  mic rophone  w i t h  r e c o r d i n g  d e v i c e  and  un- 
c o o l e d  h e a d  p r e s s u r e  p ip , e ) .  

Method o f  Measurement c 

The p r e s s u r e  a t  t h e  f o r w a r d  c r i t i c a l  p o i n t  on a body i n t r o d u c e d  
i n t o  t h e  f l o w  i s  d e t e r m i n e d  by t h e  f o l l o w i n g  e q u a t i o n :  

where P and P o  a r e  t h e  head  and s t a t i c  p r e s s u r e s ,  r e s p e c t i v e l y ;  p 
is t h e  p l a sma  d e n s i t y  and 2, i s  t h e  p l a sma  f l o w  r a t e .  

If t h e  p l a sma  d e n s i t y  i s  known, t h e  p l a sma  f l o w  s a t e  c a n ' b e  
c a l c u l a t e d  f rom measuremen t s  o f  t h e  p r e s s u r e  h e a d .  The f i t t i n g s  
used  f o r  measu remen t s  by t h e  n o n s t a t i o n a r y  method a re  shown i n  F i g -  /634 
u r e  1. Two t y p e s  o f  f i t t i n g s  a r e  u s e d  f o r  m e a s u r i n g  head  p r e s s u r e :  
(1) a f i t t i n g  i n  t h e  form o f  a P i t o t  t u b e ,  and  ( 2 )  a c y l i n d r i c a l  
f i t t i n g  w i t h  an  o p e n i n g  i n  i t s  s i d e ,  T h e s e  two f i t t i n g s  have  p r o -  
ven i d e n t i c a l  a s  f a r  as measurement  a c c u r a c y  i s  c o n c e r n e d ,  b u t  t h e  
second  d e s i g n  (shown i n  F i g u r e  l b )  made it p o s s i b l e  t o  c o n d u c t  
p r e s s u r e  measu remen t s  i n  a n a r r o w  r e g i o n  o f  t h e  a r c ,  s t a b i l i z e d  by 
t h e  w a t e r - c o o l e d  w a l l s .  Measurements  o f  s t a t i c  p r e s s u r e  were con- 
d u c t e d  w i t h  a d i s k - s h a p e d  f i t t i n g  ( F i g .  IC) ,  which i s  mounted i n  
t h e  f l o w  i n  s u c h  a way t h a t  t h e  f l a t  s u r f a c e  o f  t h e  d i s k  was p a r a l -  
l e l  t o  t h e  d i r e c t i o n  o f  f l o w .  

- 

.a 

The M K - 5  c a p a c i t o r  mic rophone  was u s e d  -to r e c o r d  t h e  p r e s s u r e  
i n  t h e  n o n s t a t i o n a r y  case .  The mic rophone  was w i r e d  i n t o  a b r i d g e  
c i r c u i t  i n  t h e  form o f  a p u s h - p u l l  g e n e r a t o r  u s i n g  a d u a l  6rJIP t r i o d e  
[lo]. The o s c i ' l l a t o r  c i r c u i t  o f  t h e  g e n e r a t o r ,  c o n s i s t i n g  o f  i n -  
d u c t a n c e s  L p  and  L 2  c o n n e c t e d  i n  s e r i e s  and t h e  mic rophone  capaci-  
t a n c e s  Cm, C3 and C,, was c o n n e c t e d  be tween  t h e  t r i o d e  c o n t r o l  g r i d s ,  
The i n t e r n a l  r e s i s t a n c e s  o f  t h e  t r i o d e s  and  t h e  r e s i s t a n c e  R p  i n  t h e  
anode  c i r c u i t  fo rm a b r i d g e ,  w i t h  t h e  o s c i l l o g r a p h  c o n n e c t e d  on t h e  
d i a g o n a l .  I n  t h e  a b s e n c e  o f  a s i g n a l ,  t h e  v o l t a g e  o f  b o t h  c i r c u i t s  
i s  t u n e d  t o  a s i n g l e  f r e q u e n c y  ( t u n i n g  i s  a c c o m p l i s h e d  by c a p a c i t o r  
C3>. The p r ' e s s u r e  s i g n a l  p r o d u c e d  by t h e  f i t t i n g  is t r a n s m i t t e d  t o  
t h e  mic rophone  d i aphragm and  causes  a c h a n g e  i n  C,, u n b a l a n c i n g  t h e  
b r i d g e  and  c a u s i n g  a s i g n a l  t o  a p p e a r  on t h e  o s c i l l o g r a p h .  I n  o r d e p  
t o  i n c r e a s e  t h e  s e n s i t i v i t y  o f  t h e  s y s t e m ,  it i s  n e c e s s a r y  t o  have  
c a p a c i t a n c e  Cm g r e a t e r  t h a n  t h e  c a p a c i t a n c e  of t h e  w i r i n g ,  t h e  ca- 
p a c i t a n c e  of t h e  c o n n e c t i n g  c a b l e  t o  t h e  c a p a c i t a n c e  C,. 
t h e r e f o r e  n e c e s s a r y  t o  mount t h e  mic rophone  h o u s i n g  on t h e  g e n e r a -  
t o r  p a n e l .  Movement of  t h e  mic rophone  t o g e t h e r  w i t h  t h e  measuring 
t u b e  r e l a t i v e  t o  t h e  f l o w  was a c c o m p l i s h e d  w i t h  t h e  a i d  of a swive l  
b e a r i n g ,  s i n c e  . t h e  l a t t e r  damped o u t  v i b r a t i o n s  e 

It is 

2 



To measure  t h e  p r e s s u r e  h e a d ,  
it was p r e f e r a b l e  i n  some cases t o  . 
u s e  a n  a c o u s t i c  p r o b e  (ZA-41, es r  
p e c i a l l y  where it was n o t  p o s s i b l e  
t o  u s e  t h e  mic rophone  w i t h  t h e  
measurement  c i r c u i t s  s i n c e  i n  t h i s  
case t h e  head  p r e s s u r e  p i p s  may b e  
combined w i t h  a n  a c o u s t i c  p r o b e  
made o f  r u b b e r  t u b i n g  2 . 5  m l o n g ,  
t h u s  r e t a i n i n g  u n i f o r m i t y  of t h e  
t ime c u r v e  up t o  4000 Hz t111. 

' I  

Measurement Errors 

L e t  u s  c o n s i d e r  f h e  measure- 
'men t  e r r o r s  f o r  p r e s s u r e  a t  a f low 
r a t e  c o n s i d e r a b l y  be low t h e  s p e e d  
o f  s o u n d ,  w i t h  t h e  Mach number 
much l e s s  t h a n  l and a t  a t m o s p h e r -  
f c  p r e s s u r e ,  when t h e  s l i p p a g e  of 
t h e  g a s  i s  i n s i g n i f i c a n t ,  

1 .  Effect of Sensoro I n e r t i a  
( A m p  Z i tude  and Phase Distortion 

of t h e  SignaZ) 
F i g .  1.. Measur ing  C i r c u i t  and  
F i t t i n g s :  ( a ,  b )  Head P r e s s u r e ;  A s  t h e  m e a s u r i n g  t u b e  moves 
( c )  S t a t i c  P r e s s u r e  [(I) F i t t i n g ;  t h r o u g h  t h e  p l a sma  f l o w ,  a n  a l t e r -  
( 2 )  Device  Jo in i ' ng  F i t t i n g  t o  Mi- n a t i n g  p r e s s u r e  deve lop%s  a t  i t a  
c r o p h o n e ;  ( 3 )  M K - 5  C a p a c i t o r  M i -  i n l e t  and i s  t r a n s m i t t e d  t o  t h e  
c , rophone];  ( d )  Measuring: C i r c u i t .  d i aphragm o f  t h e  mic rophone .  The 

s i g n i f i c a n t  d e g r e e  on t h e  r a t e  o f  change  i n  p r e s s u r e  and  damping ,  
which i s  d e t e r m i n e d  m a i n l y  by t h e  d i m e n s i o n s  o f  t h e  m e a s u r i n g  t u b e .  
The t i m e  t h e  s e n s o r  r e m a i n s  i n  t h e  p l a sma  must  b e  s u f f i c f e n C l y  - 1 6 3  
s h o r t  t o  ensu re ,  p r e s e r v a t i o n  o f  t h e  m e a s u r i n g  t u b e  and  a t  t h e  same 
t ime  must  b e  s u f f i c i e n t l y  l o n g  t o  e n s u r e  u n i n t e r r u p t e d  r e c o r d i n g  of 
t h e  p r e s s u r e .  . A m p l i t u d e  and  p h a s e  v a r i a t i o n s  o f  t h e  p r e s s u r e  s i g n a l  
have  b e e n  d i s c u s s e d  i n  d e t a i l  i n  [ a ,  12, 3.33. An optimum r a t i o  was 
e s t a b l i s h e d  be tween  t h e  i n t e r n a l  d i a m e t e r  o f  t h e  m e a s u r i n g  t u b e  and  
t h e  s p a c e  h be tween  t h e  f i t t i n g  (2, see F i g .  la) and t h e  d i aphragm 
o f  t h e  mic rophone .  The , o p t i m a l  v a l u e  of  h ,  o b t a i n e d  t h e o r e t i c a l l y  
f rom t h e  c o q d i t i o n s  o f  i s e n t r o p i c  c o m p r e s s i o n  of  ' t he  g a s ,  w a s  8 , 0 2 5  
mm [ S I ;  t h e  same a r t i c l e  g i v e s  t h e  t i m e  r e l a t f o n s h i p s  of t h e  mea- 
s u r e d  p r e s s u r e  f o r  v a r i o u s  d i a m e t e r s  o f  t h e  m e a s u r i n g  t u b e  and  
s p a c e  h .  A d e t a i l e d  s t u d y  o f  t h e  e f f e c t  o f  t h e  r e s o n a n t  f r e q u e n c y  
of t h e  s e n s o r  on measurement a c c u r a c y  was p r e s e n t e d  i.n 1131. I t  was 
found  t h a t  f i l l i n g  t h e  m e a s u r i n g  t u b e  w i t h  h e l i u m  s h i f t s  t h e  n a t u r a l  
f r e q u e n c y  o f  t h e  s y s t e m  t o w a r d  t h e  r e g i o n  of h i g h e r  f r e q u e n c i e s  by 
a f a c t o r  o f  more t h a n  two9 t h u s  c o n s i d e r a b l y  b r o a d e n i n g  t h e  p o s s i -  
b l e  l i m i t s  o f  measurement w i t h  a l t e r n a t i n g  p r e s s u r e .  

o u t p u t  s i g n a l  w i l l  depend t o  a 
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To d e t e r m i n e  t h e  t i m e  c u r v e  of  t h e  measurement  s y s t e m  f o r  o u r  
c a s e ,  w e  r e c o r d e d  t h e  f r e q u e n c y - d e p e n d e n c e  o f  t h e  r a t i o  o f  t h e  mea- 
s u r e d  p r e s s u r e  p u l s e  t o  t h e  a c t u a l  v a l u e .  The t ime c u r v e  was r e -  
c o r d e d  i n  two ways:  by i n s e r t i n g  t h e  m e a s u r i n g  t u b e  i n t o  a j e t  o f  
a i r  wh ich  was i n t e r r u p t e d  by a r o t a t i n g  d i s k  w i t h  a s l i t ,  a n d  by  
p l a c i n g  t h e  t u b e  i n  t h e  , sound f i e l d  o f  a n  o s c i l l a t i n g  d i f f u s o r .  I n  
t h e  f o r m e r  c a s e ,  t h e  a c t u a l  p r e s s u r e  was d e t e r m i n e d  by c o n n e c t i n g  
t h e  m e a s u r i n g  t u b e  t o  a mic romanomete r ,  and  i n  t h e  s e c o n d  case it 
was d e t e r m i n e d  by m e a s u r i n g  t h e  a m p l i t u d e  05 t h e  sound  p r e s s u r e ,  
u s i n g  t h e  mic rophone  w i t h o u t  t h e  t u b e .  The e x p e r i m e n t a l  p o i n t s  of 
t h e s e  two  m e a s u r e m e n t s  show g o o d * a g r e e m e n t .  A t  a f r e q u e n c y  of 5 0  
Hz, t h e r e  was a d r o p  i n  t h e  measu red  p r e s s u r e  s i g n a l ,  wh ich  became 
more p r o n o u n c e d  w i t h  i n c r e a s i n g  f r e q u e n c y .  I n  t h e  case of measure- 
men t s  i n  a p l a s m a ,  t h e  f r e q u e n c y  of  t h e  c h a n g e s  i n  t h e  p r e s s u r e  s i g -  
n a l  were  no  more t h a n  30 Hz, which  e n s u r e d  u n i n t e r r u p t e d  r e p r o d u c t i o n  
of  p r e s s u r e  a t  t h e  i n p u t  o f  t h e  m e a s u r i n g  t u b e ,  

2. Effeot of Gas V i s c o s i t y  at 
Low Reynolds  Numbers 

- - -I__-_- _A_LI__- 
- - -_ . ._  _ I -  __ - ic 

E q u a t i o n  (l), l i n k i n g  t h e  g a s  p r e s s u r e  and v e l o c i t y  i n  t h e  v i -  
c i n i t y  of t h e  m e a s u r i n g  o p e n i n g  o f  t h e  h e a d  p r e s s u r e  p i p e ,  was ob- 
t a i n e d  f rom t h e  s o l u t i o n  o f  t h e  N a v i e r - S t o k e s  e q u a t i o n  i n  t h e  boun- 
d a r y  l a y e r  w i t h Q u t  c o n s i d e r a t i o n  o f  v i s c o s i t y .  A t  c e r t a i n  tewper- 
atuures (fleer ~ l t l  argon plasma a t  P E 104 O K )  the plasma visoasity 
e x c e e d s  t h e  v i s c o s i t y  of a c o l d ,  n o n i o n i z e d  g a s  by more t h a n  one  
o r d e r ,  a n d  a t  a s u f f i c i e n t l y  s l o w  f l o w  r a t e  t h e  f o r c e s  g e n e r a t e d  by 
t h e  v i s c o s i t y  become e q u a l  t o  (and i n  some cases g r e a t e r  t h a n )  t h e  
i n e r t i a l  f o r c e s  (Re -c ,I), so t h a t  t h e y  must  b e  t a k e n  i n t o  cons ide l?-  
a t i o n ,  T h i s  was f i r s t  d e t e r m i n e d  e x p e r i m e n t a l l y  by B a r k e r  e141. 
Homann el53 i n t e g r a t e d  t-he N a v i e r - S t o k e s  e q u a t i o n  from d / 2  

f o l l o w i n g  e x p r e s s i o n  f o r  t h e  p r e g s u r e  h e a d :  

P t o  
' i n f i n i t y  f o r  a n o n g r a d i e n t  f l o w  vY = 0 w i t h  g = 0 ,  ant3 o b t a i n e d  t h e  

e 

where 8 i s  a c o o r d i n a t e  which  c o i n c i d e s  w i t h  the axis of the, mea- 
s u r i n g  t u b e .  Examin ing  ,the p r e s s u p e  d f s t r i b u t f o n  in t he  lboundam?y : 
l a y e r ,  Homann [153 est imates  t$e v a l u e  of t h e  integrand e x p r e s s i o n  
i n  ( 2 ) :  I 

I 

and by s u b s t i t u t i o n  i n  ( 2 )  o b t k i n s  
- ___I - _ _  - .. 
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~ ' - W / * / ~ p ~ ~ i +  (4/Re), ( 3 )  
-- -L--- 

E s t i m a t i n g  t h e  , e f f e c t  o f  t h e  t h i c k n e s s  o f  t h e  boundary  l a y e r  a t  
Re < 1 0 0 ,  a l r e a d y  comparab le  t o  t h e  r a d i u s  .of a c y l i n d e r ,  t h e  a u t h -  
or [15] d e f i n e s  ( 3 )  more, e x a c t l y :  

cr' - Pa) / y 2 P 4  a . 4  --_---* + iG *__ (Re $: 06467fle) J '= __ C.e - (4) 
I 

T h i s  r e l a t i o n s h i p  i s  shown i n  F i g u r e  2 (Curve  1 0 ) .  The e x p e r -  /63( 
i m e n t a l  p o i n t s  o b t a i n e d  by Homann for c y l i n d e r s  w i t h  e x t e r n a l  d i a -  
meters  o f  1 . 0 ,  1 . 3 ,  lt19 and 2 . 0  cm and i n t e r n a l  d i a m e t e r s  o f  0.1 

h e  

I 

1. 
F i g . - 2 .  C o e - f f i c i e n t  C as  a- Func-  
t i o n  of  t h e  Revno lds  Number for 

t h e o r e t i c a l  c u r v e .  The d a t a  o f  
o t h e r  a u t h o r s  [ 8 ,  1 4 ,  16-20]  
show c o n s i d e r a b l e  d e v i a t i o n  from 
t h e o r y .  T h i s  is e v i d e n t l y  re- . , 
l a t e d  t o  t h e  f a c t  t h a t  t h e  d e r -  
i v a t i o n  o f  (4) f a i l e d  t o  c o n s i d e r  
t h e  e f f e c t  o f  t h e  d i m e n s i o n s  of 
t h e  m e a s u r i n g  o p e n i n g .  F i g u r e  2 
shows t h e  e x p e r i m e n t a l  c u r v e s  ob- 
t a i n e d  f o r  v a r i o u s  r a t i o s  of t h e  
i n t e r n a l  and  e x t e r n a l  d i a m e t e r s  
o f  h e a d  p r e s s u r e  p i p e s  a = d i / d ,  
As a i n c r e a s e s ,  t h e  c u r v e s  s h i f t  
t o w a r d  t h e  r e g i o n  o f  Barge  Rey- 
n o l d s  numbers .  However, t h e  
g i v e n  r e l a t i o n s h i p  c a n n o t  b e  8s- 
t a b l i s h e d ,  so t h a t  it i s  n e c e s -  
s a r y  t o  c o n d u c t  a d d i t i o n a l  c a r e f u l  
e x p e r i m e n t s  which w i l l  a l l o w  t h e  
c u r v e s  shown t o  b e  d e f i F e d  more 
p r e c i s e l y .  e 

T o  d e t e r m i n e  t h e  c o r r e c t e d  
c u r v e  f o r  t h e  measu red  p r e s s u r e 9  
c o r r e s p o n d i n g  t o  t h e  c o n d i t i o n s  
i n  a p l a s m a ,  w e  c o n d u c t e d  mea- 
s u r e m e n t s  of t h e  dynamic  p r e s s u r e  
i n  t h e  f lame o f  a h i g h - f r e q u e n c y  

V a r i o u s  F i t t i n g s :  w i t h  a' F l a t  End: i n d u c t i o n  to rc -h  and  i n  a n  a r c  
( 1 - 4 )  C191;with a = 0.255,  0.33'9, s t a b i l i z e d  by w a t e r - c o o l e d  w a l l s .  
0 .530  and  0 , 6 8 5 ,  R e s p e c t i v e l y ;  ('514 Measurement  of t h e  c o e f f i c i e n t  e 
[SI, a = 0.64; ( 6 )  e343; ( 7 )  Ll63, i n  an  i n d u c t i o n  p l a s m a  was a c h i e v e d  
a = 0 . 2 ;  ( 9 ,  10) c151; (la) Mea- by compar ing  t h e  measured  p r e s s u r e  
su remen t  i n  a S t r e a m  of I n d u c t i o n  head  of t h e  h e a d  p + e s s u r e . p i p e  and 
Plasma, ca = 0.3; (12) Measured En the p r e s s u r e  Read c a l c u l a t e d  from 
an Arc, 61 = 0 . 8 .  t h e  g i v e n  flow r a t e  of the argon 
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I 

. .  and the pressure distribution in 
the flame cross section. Mea- 
surement of the coefficient C in 
the arc was accomplished by com- 
paring the pressures measured by 
tubes of different diameters. 
Figure 3 shows the pressure dis- 
tribution along the radius of the 
arc, as measured by head pressure 
pipes with diameters of U.09 and 
0.185 cm. The Reynolds numbers 
were calculated from the radius 
of the fitting, while the density / 6 3  
and viscosity were calculated for 
the temperature of the inflowing 
plasma. In view of the fact that 
the arc is not in equilibrium in 

eFig. 3 .  Radial Distribution of its peripheral-part t 7 1 ,  the vale 
Pressure, Measured by Tubes of . ues of C were calculated for an 
Various Diameters in an Arc with area corresponding to the axial 
a Current of 70 A and an Argon portion of the arc. The values 
Flow of 15 l/min. (1, 2 )  Dis- which were obtained (see Fig, 3 )  
tribution of Head Pressure, Mea- show good agreement with the mea- 
sured by Tubes with Diameters of surements made in the flame of 
0.09 and 0.185, Respectively; ( l P p  an induction torch and with the 
2 ' )  Pressure Head Calculated from *data in c 8 3 ,  but differ somewhat 
Curves 1 and 2 ,  with Co'nsidera- from the theoretical curve in the 
tion of Static Pressure 4 3 )  and region of low Reynolds numbers. 
Tapering of the Flow; (4) Plasma The measured values of the coef- 
Temperature; (5) Excess' Pressure ficient C were used in caPcuPat- 
Head as Obtained from Measurements ing the plasma flow pate in the 
with a Small Tube over Those Ob- arc 1[73 and in a stream obtained 
tained with a Large Tube. , with the aid of an i"Plduction 

1 P*IO:bar; c 

- 

- - - - - 2  .. 

torch. 

3 .  Effeot of Pressure Gradient 

As shown in E 2 1 ,  2 2 9 ,  during measurement fn a flow with a 
transverse pressure gradient there is a shift of the effective cen- ' 
ter of the head pressure pipe relative to its geometric axis fn the 
"direction of higher pressures. In gradient flow, the gas moves re- 
lative to the intake open,ing under the influence of the pressure 
gradient. Ltt us estimate the value of this term, We will consid-' 
er that in the vicinity of the forward critical point there is a 
pressure Pg + yegrad P (Pa being the pressure corresponding to the 
point of splitting of' the flow, and y being the coordinate with its 
origin at this point and perpendicular to the axis of the head pres- 
sure pipe), The transverse velocity will then bet 

6 



T h e r e  i s  a minus s i g n  i n  f r o n t  o# t h e  r o o t  i n  t h i s  case i f  g r a d  P 
i s  a p o s i t i v e  v a l u e ;  i f  g r a d  P i s  n e g a t i v e ,  t h e  s i g n  must  b e  changed .  
The l o n g i t u d i n a l  v e l o c i t y  c a n  b e  e x p r e s s e d  a s  f o l l o w s :  

( s i n c e  81 i s  d i r e c t e d  t o w a r d  t h e  f l o w ,  t h e r e  is a minus s i g n  in 
f r o n t  o f  t h e  r o o t )  a n d  i t s  d e r i v a t i v e  a c c o r d i n g  t o  y i s  e q u a l  t o  

Then ,  a t  t h e  f o r w a r d  c r i t i c a l  p o i n t  w i t h  y = 0 ,  a n d  a s s u m i n g  
g r a d  P t o  b e  e q u a l  t o  z e r o a t i n f i n i t y ,  we w i l l  h a v e  

S u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n t o  t h e  N a v i e r - S t o k e s  e q u a t i o n ,  we 
w i l l  h a v e  ( w i t h o u t  c o n s i d e r a t i o n  o f  t h e  f o r c e  o f  v i s c o s i t y )  

I .  

P 

From t h i s  e q u a t i o n ,  c o n q i d e r i n g  Pg = P + 6 g r a d  P ( h e r e  B is t h e  
s h i f t  o f  t h e  e f k e c t i v e  c e n t e r  of t h e  p i p &  r e l a t i v e  t o  i t s  g e o m e t r i c  
a x i s ) ,  w e  w i l l  h a v e r  

T h i s  r e l a t i o n s h i p ,  shown i n  F i g u r e  4 ,  is i n  s a t i s f a c t o r y  a g r e e -  
ment w i t h  t h e  e x p e r i m e n t a l  d a t a  f rom f.221, a l t h o u g h  i t s  d e r i v a t i o n  
f a i l e d  t o  c o n s i d e r  t h e  e f f e c t  o f  t h e  m e a s u r i n g  o p e n i n g  i n  t h e  head  
p r e s s u r e  p i p e  on t h e  p r e s s u r e  a t  t h e  b r a k i n g  p o i n t .  I t  was found  
i n  f.221 from measuremen t s  i n  t h e  b o u n d a r y  l a y e r  t h a t  8 / d  = 0.15-0.186 
T a k i n g  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  t h e  m e a s u r i n g  o p e n i n g ,  t h e  f o l -  
l o w i n g  r e l a t i o n s h i p  was o b t a i n e d  e x p e r i m e n t a l l y  i n  E 2 1 J :  

7 



b / d 7 O,i3i $- 06082 ' 
1 - 1  

'whe re  d g r a d  P/P = 0.1-1,2. 

A t  low R e y n o l d s  numbers ,  t h e  s h i f t  o f  t h e  e f f e c t i v e  cen-ter o f  
n o t  y e t  been iaveea.. t h e  head  p r e s s u r e  p i p e  inareehaes,, bU% % h i @  h a  

t i g a e e d .  

The t r a n s v e r s e  m,otion of t h e  h e a d  p r e s s u r e  p i p e  h a s  a n  e f f e c t  
on t h e  s h i f t  o f  i t s  e f f e c t i v e  c e n t e r .  However,  t h i s  e f f e c t  is o f  
v a r i a b l e  s i g n ,  s i n c e  t h e  s h i f t  i n c r e a s e s  when t h e  p i p e  i s  i n s e r t e d  
i n t o  t h e  f l o w  and  d e c r e a s e s  when i t  i s  w i t h d r a w n .  C o n s e q u e n t l y ,  
t h e  p r e s s u r e  d i s t r i b u t i o n  a l o n g  t h e  c r o s s  s e c t i o n  o f  t h e  f l o w  i s  
n o n s y m m e t r i c a l ,  a s  c a n  be  c o n f i r m e d  q u i t e  s i m p l y .  

The e f f e c t  o f  t h e  l o n g i t u d i -  
n a l  p r e s s u r e  g r a d i e n t  makes i t- 

-/ s e l f  m a r k e d l y  known o n l y  a t  low 
I R e y n o l d s  numbers .  If we know t h e  , 

t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  
6 ,  w e  c a n  e s t ima te  t h e  p r e s s u r e  
i n c r e a s e ,  which i s  d e t e r m i n e d  by 
t h e  f o l l o w i n g  r e l a t i o n s h i p :  P + 
6 g r a d  P. A c c o r d i n g  t o  t h e  d s t a  
in r15C]I9 the thickness of t h e  
b o u n d a r y  layem? i s  

-- _ -  ---- - j_" f Q457r/f&=27 
4= Oe457at27%, , \ j f i g .  4 .  S h i f t  o f  t h e  E f f e c t i v e  

a F u n c t i o n  o f  t h e  T r a n s v ' e r s e  
P r e s s u r e  G r a d i e n t :  (1-2) Mea- T h e r e f o r e  
s u r e m e n t s  a t  V e l o c i t i e s  o f  98.3 ' 
and 2 2 . 9  m / s e c ,  R e s p e c t i v e l y ;  
( 3 )  R e s u l t a n t  S t r a i g h t  L i n e  from 
t h e  Data i n  [221; ( 4 )  R e l a t i o n -  

l u t i o n  o f  t h e  N a v i e r - S t o k e s  
E q u a t i o n .  

- ___ C e n t e r  o f  a Head P r e s s u r e  P i p e  as --- 

f l .  

s h i p  (8), O b t a i n e d  f r o m  t h e  So- _-_ _ -  __- 

I n  measu remen t s  made i n  a n  a r c s  s t a b i l i z e d  by w a t e r - c o o l e d  
wa l l s ,  t h e  maximum l o n g i t u d i n a l  p r e s s u r e  g r a d i e n t  was f o u n d  t o  b e  
a b o u t  5 0 0 0  dyn/cm2/cm. The measurement  e r r o r  w i t h  d = 0 . 1  cm a n d  

I 

I R e  k 1 0  d o e s  n o t  e x c e e d  1%. ' i 

s 4 .  Effsot of TurbuZsme in the  P t o w  

Turbu l . ence  i n  t h e  gas f l o w  c a n  i n c r e a s e  c o n s i d e r a b l y  t h e  p r e s -  
s u r e  m e a s u r e d  by  a h e a d  p re s su re  p i p e ,  G o l d s t e e n  E231,  on t h e  ba- 
s i s  o f  a t h e o r y  of i s o t r o p i c  t u r b u l e n c e ,  ob-tained t h e  f o l l o w i n g  
e x p r e s s i o n s  f o r  t h e  measu red  p r e s s u r e s :  
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Fage C241, on t h e  b a s i s  of t h e  measu remen t s  made i n  L 2 5 1 ,  ca l -  
c u l a t e d  t h e  s t a t i c  p r e s s u r e ,  which was f o u n d  t o  be  - 

'\ Po' = Po '/4p (u')'* 
- . -- I-- 

As m e n t i o n e d  a b o v e ,  t u r b u l e n c e  i n c r e a s e s  n o t  o n l y  t h e  h e a d  
p r e s s u r e  b u t  t h e  s t a t i c  p r e s s u r e  a s  w e l l ,  T h e r e f o r e ,  i r i  measure- 
men t s  i n  t u r b u l e n t  f l o w s  which  a re  c o n d u c t e d  i n a e  p e r i p h e r a l :  re-  
g i o n s  o f  a n  a r c  and  i n  p l a sma  streams where  t h e  d e g r e e  o f  t u r b u l e n c e  
o f  t h e  f l o w  i s  c l o s e  t o  u n i t y ,  t h e  measurement  e r r o r  c a n  r e a c h  1 0 0 % .  

Measurement R e s u l t s  

As w e  m e n t i o n e d  e a r l i e r ,  measu remen t s  o f  t h e  p l a sma  f l o w  r a t e  
were made i n  f l o w s  o b t a i n e d  w i t h  t h e  a i d  o f  i n d u c t i o n  flames and an 
a r c  p l a s m a t r o n ,  as  w e l l  a s  i n  an  a r c  s t a b i l i z e d  by w a t e r - c o o l e d  
walls. Some r e s u l t s  o f  t h e s e  measurements  o f  v e l o c i t y  were p u b l i s h -  
e d  i n  C.3-5, 7 ,  261. F i g u r e s  5 and 6 show t h e  most  c h a r a c t e r i s t i c  
p r e s s u r e  d i s t r i b u t i o n s ,  which  m a k e  i t  p o s s i b l e  t o  f i n d . t h e  s y s t e m a t - ,  
i c  e r r o r s  which a r i s e  i n  t h e  measurement  o f  p l a sma  f l o w  r a t e s  w i t h  

head  p r e s s u r e ,  s t a t i c  p r e s s u r e  and t e m p e r a t u r e  f o r  t h e  c a t h o d e  r e -  
g i o n  o f  t h e  a r c ,  s t a b i l i - z e d  by w a t e r - c o o l e d  w a l l s  and c h a r a c t e r i z e d  
by h i g h  p r e s s u r e  g r a d i e n t s .  The same f i g u r e  a l s o  shows t h e  sys t em-  
a t i c  e r r o r s  c a u s e d  by t h e  s h i f f  o f  t h e  e f f e c t i v e  c e n t e Q  of t h e  h e a d  
p r e s s u r e  p i p e  ( A P c i )  and t h e  e f f e c t  o f  t h e  f o r c e  o f  v i s c o s i t y  ( A P R ~ ) "  
The s h i f t  o f  t h e  e f f e c t i v e  c e n t e r  o f  t h e  h e a d  p r e s s u r e  p i p e  i n  t h e  
r e g i o n  of  maxim,um t r a n s v e r s e  p r e s s u r e  g r a d i e n t  c a u s e s  a 30% i n c r e a s e  
o f  t h e  measu red  p r e s s u r e  r e l a t i v e  t o  t h e  t r u e  v a l u e .  The e r r o r  
( A P R ~ )  c h a r a c t e r i z i n g  t h e  e f f e c t  o f  t h e  f o r c e s  o f  v i s c o s i t y  a t  Pow 
Reyno lds  numbers  i s  a f u n c t i o n  o f  t h e  h i g h  t e m p e r a t u r e  o f  t h e  c a t h -  
ode r e g i o n  o f  t h e  a r c  and amounts  t o  10-15%. C o n s e q u e n t l y ,  i n  mak- 
i n g  measu remen t s  i n  p l a sma  f l o w s  w i t h  h i g h  t e m p e r a t u r e  and  low g a s  
f low r a t e ,  where R e  < lo,, t h e  measurement  errors become$ s i g n i f i - '  
c a n t .  I n  th,e case & measuremen t s  i n  h i g h - s p e e d  f l o w s ,  c h a r a c t e r i s -  
t i c  o f  t h e  p l a sma  streams of  a r c . p l a s m a t r o n s ,  t h e  e r r o r s  p r o d u c e d  
by t h e  p r e s e n c e  of v i s c o s i t y  f o r c e s  become n e g l i g i b l y  smal l ,  s i n c e  
R e  > 20 ( F i g ,  6 ) .  However,  t h e  e r r o r s  p r o d u c e d  by t h e  s h i f t  of t h e  
e f f e c t i v e  c e n t e r  of t h e  h e a d  p r e s s u r e  p i p e  r ema in ,  a l t h o u g h  t h e y  
d e c r e a s e  somewhat ,  The s t a t i a  p r e s s u r e  i n  t h e  p l a sma  8 O l ? @ m ~  aa- 
c o r d i n g  t o  measu remen t s  w i t h  a disk f i t t i n g ,  were e q u a l  t o  zero. 
C o n s e q u e n t l y ,  t h e  p r e s s u r e  measu red  i n  t h e  p l a s m a  stream f n  z o n e s  
c l o s e  t o  t h e  a x i s  i s  t h e  dynamic  p r e s s u r e  and  makes i t  p o s s i b l e  t o  
c a l c u l a t e  t h e  g a s  flow r a t e  d i r e c t l y  [ u s i n g  (1)3. I n  t h e  p e r i p h e r a l  

/63! head  p r e s s u r e  p i p e s .  F i g u r e  5 shows t h e  r a d i a l  d i s t r i b u t i o n s  of - 

.I . 
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zones of the p l a s m a  stneam, where there is mixing of the gas forming 
the plasma with the surrounding air, turbulence arises, producing 
additional pressure; therefore, the accuracy of determination of the 
plasma flow rate decreases. 

Fig. 5 .  Radial Temperature .Dis- Fig. 6. Radial Distribution of 
tributions, Head and Static Pres- Temperature, Pressure and Flow 
sure3 Velocity, Systematic Errors Rate of Argon Plasma at a Dis- 
APd and APR , Produced by Shift- tance of 2 mm from the Nozzle 
ing of the fffective Center of the Opening of an Arc Plasmatron (Noz- 
Head Pressure Pipe and the Viscos- zle Diameter = 7 mm); Points Show .a 

ity of the Plasma, Respectively, Temperature as Determined by a 
Measured at a Distance of 0.8 cm Chromel-Alumel Thermocouple, . 
from the Cathode (Arc with a Cur- 
rent of 160 A in a Channel 4,s cm 
Long and 2 cm in Diamete?, with 
an Argon Flow of 45 l/min). (1) 

mel-Alumel Thermocouple; ( 2 )  
Pressure Measured with a Sta- 
tionary Head Pressure Pipe. 

Temperature Measured with a Chro- a 

1 

From the above, it follows that measurement of the plasma flow 
rate by a head pressure pipe with an accuracy of at least 5 %  (with- 
out consideration of the above errors) may be conducted only in 
flows with a high gas flow rate ( >  200 m/sec). In measurements'un- 1641 
der other conditions, all systematic errors must be carefully con- 
sidered to obtain the desired accuracy. 

In conclusion, we must emphasize the influence of a strong non- 
isothermicity of the plasma in the boundary layer at the inlet open- 
ing of the fitting, partially accounted for by determinant criteria, 
Measurements in the stream of an arc plasmatron with the aid of a 
disk fitting (Fig. IC) have shown that the effect of nonisothermi- 
city on the measured pressure is a t  the level of error of the mea- 
surement Bystem, and does not exased $%. This vtaaue is in g00d 
agraarnent: w i t h  t h e  d a t a  in e a ,  9 ,  2 7 1 ,  t h u s  making i t  p o s s i b l e  eo 
operate with the relationships for the isothermal case, 
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The a u t h o r s  w i s h  t o  t h a n k  G . Z .  Andreyev  and  S.V, A l e k s e y e v  for 
t h e i r  a s s i s t a n c e  w i t h  t h e  e x p e r i m e n t s .  
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